In many metazoans, germ cells are separated from somatic lineages early in development and maintain their identity throughout life. Here, we show that a Polycomb group (PcG) component, Enhancer of Zeste [E(z)], a histone transferase that generates trimethylation at lysine 27 of histone H3, maintains germline identity in Drosophila adult testes. We find excessive early-stage somatic gonadal cells in E(z) mutant testes, which originate from both overproliferative cyst stem cells and germ cells turning on an early-stage somatic cell marker. Using complementary lineage-tracing experiments in E(z) mutant testes, a portion of excessive early-stage somatic gonadal cells are found to originate from early-stage germ cells, including germline stem cells. Moreover, knocking down E(z) specifically in somatic cells caused this change, which suggests a non-cell autonomous role of E(z) to antagonize somatic identity in germ cells.
T he dichotomy of germ line and soma represents the earliest lineage specification among many metazoan organisms (1) (2) (3) (4) . Drosophila has provided a paradigmatic system to study germ cell establishment and maintenance. During Drosophila development, primordial germ cells are specified in early embryogenesis, which requires suppression of somatic gene expression (5) (6) (7) . Specified primordial germ cells migrate and interact with mesodermal somatic cells to establish germline stem cells (GSCs) (8, 9) . In adult testes, GSCs interact with two populations of somatic gonadal cells: postmitotic hub cells and cyst stem cells (CySCs) (10, 11) (Fig. 1A) . Because germline-to-soma conversion has only been reported at the embryonic stage, which leads to germ cell death (12) , it is unclear whether germ cells retain plasticity in adult gonads.
Polycomb group (PcG) proteins maintain somatic cell fate decisions, and mutations in PcG genes often lead to transdifferentiation through which one somatic cell type adapts a different somatic identity (13) . Here, we investigate a PcG gene, Enhancer of Zeste [E(z)], in Drosophila adult testes. E(z) encodes a histone transferase that generates trimethylation at lysine 27 of histone H3 (H3K27me3) (14) . To inactivate E(z) after a shift in temperature, a null allele of E(z), E(z) 731 , was used in trans to a temperature-sensitive (ts) allele, E(z) 61 (15) . We found that the H3K27me3 mark was not detectable by immunostaining in E(z) 61 /E(z) 731 testes after a temperature shift ( fig. S1, A to F) . We then examined the expression of zinc-finger homeodomain protein 1 (Zfh-1), a marker for CySCs and early-stage cyst cells (16) (Fig. 1, B and  D) . The overall Zfh-1-positive CySCs and early cyst cells ranged from 20 to 59 per wild-type (WT) testis, but their numbers increased markedly iñ 20% of E(z) 61 
/E(z)
731 testes under the same condition ( Fig. 1C and fig. S2A ).
To determine in which cell type loss of E(z) function leads to excessive Zfh-1-positive cells, Fig. 1 . Loss of function of E(z) leads to excessive Zfh-1-expressing cells in adult testes. (A) A schematic diagram of Drosophila adult testis. The spherical spectrosomes (red dots) are present in GSCs and gonialblasts (the daughter cell of GSC, which undergoes differentiation), whereas branched fusomes (red lines) appear when germ cells undergo differentiation into both spermatogonia and spermatocytes. Germ cells (blue) are encapsulated by cyst cells (green). (B to E) Immunostaining using antibody against Zfh-1 (a-Zfh-1) (red labeling of early cyst cells, including CySCs), a-Vasa (green labeling of all germ cells), and a-Armadillo (Arm, blue labeling of hub cells, as indicated by asterisks) in testes from (B) WT and (C) E(z) 61 
731 males after shifting temperature from 25°to 29°C for 28 days as adult flies and (D) C587-Gal4 control and (E) C587-Gal4; UAS-shRNA E(z) males after shifting temperature from 18°to 29°C for 21 days as adult flies. Scale bars, 10 mm. (F) A genome browser snapshot at the zfh-1 gene locus of H3K27me3 ChIP-seq data using nos>shRNA E(z) testes, where H3K27me3 is only detected in somatic cells ( fig. S1 , J to L). H3K27me3 is enriched at the zfh-1 gene region in two H3K27me3 ChIP-seq replicates (marked by red lines) but not in the input. The read density was binned into a 1-kilobase (kb) window, and the black line indicates the average read density at chromosome 3R.
www.sciencemag.org SCIENCE VOL 343 28 MARCH 2014 we depleted (knocked down) E(z) using short hairpin RNA driven by an upstream activation sequence (UAS-shRNA) (17) , in combination with different cell type-specific Gal4 drivers (18) fig. S1 , G to L). We found a substantial overpopulation of Zfh-1-positive cells when UAS-shRNA E(z) was driven by either the C587-Gal4 driver (Fig. 1E and fig. S2B ) or another cyst cell-specific eya-Gal4 driver (21) (fig. S2B ). By contrast, the same UAS-shRNA E(z), when driven by either the germline-specific nos-Gal4 driver (22) or a hub-specific unpaired-Gal4 (upd-Gal4) driver, did not recapitulate these phenotypes (fig. S2B). A similar phenotype was also detected when another PcG component, Su(z)12, was knocked down in C587>shRNA Su(z)12 testes ( fig. S2B) . Together, these results suggest that E(z) is required in CySCs and cyst cells to prevent the accumulation of excessive Zfh-1-positive cells in adult testes. Zfh-1 is a known downstream target of the Janus kinase-signal transducers and activators of transcription (JAK-STAT) signaling pathway (18, 21) . However, we found no difference in JAK-STAT activity, as represented by the Stat92E immunostaining pattern (21, 23) , in control testes compared with E(z) mutant testes [both E(z) ts and C587>shRNA E(z) ( fig. S3) ], which suggests that the ectopic expression of Zfh-1 in E(z) mutant testes is not directly caused by hyperactive JAK-STAT signaling. Consequently, we speculated that zfh-1 might be a direct target of PcG in somatic gonadal cells. To test this, we performed an H3K27me3 chromatin immunoprecipitation followed by high-throughput sequencing (ChIP-seq) experiment ( fig. S4) (Fig. 1F) , which suggests that zfh-1 is, in fact, directly bound and repressed by PcG in somatic gonadal cells.
To investigate whether overpopulated Zfh-1-positive cells in E(z) mutant testes are derived from ectopically dividing CySCs, a pulse 5-ethynyl-2′-deoxyuridine (EdU) incorporation was performed to label S-phase cells (24) . In WT adult testes, CySCs, but not cyst cells (Fig. 1A) , are mitotically active (25) . Accordingly, EdU signals were detected in Zfh-1-positive CySCs next to the hub in the control testes (arrowheads in Fig. 2A) . However, EdU and Zfh-1 double-positive somatic cells were detected away from the hub in E(z) mutant testes (arrows in Fig. 2, B and C) . In addition, all Zfh-1-positive cells in the C587-Gal4 control testes expressed an early somatic cell marker, Tj ( fig. S5, A to C) , whereas most of the over- (fig. S6G); n = 32 (fig. S6I)] . These results were further confirmed using a mitosisspecific marker, phosphorylated serine 10 of histone 3 (phH3) (fig. S6, K to N) . We also found several unique cellular features of these ectopically dividing germ cells. First, they divided like GSCs or gonialblasts (Fig. 1A) , as shown by single germ cells labeled by EdU (white arrowheads in fig. S6 , C and F) and germ cells with round spectrosomes (yellow arrows in fig. S7, C and D) , consistent with previous studies showing that sustained Zfh-1 expression in cyst cells leads to excessive GSC self-renewal away from the niche (21). However, different from the previous report (21) , these ectopically dividing germ cells failed to intermingle with Zfh-1-expressing cells (yellow arrowheads in fig. S6 , B, C, E, and F). It is possible that lack of Tj expression in those overpopulated Zfh-1-positive cells in E(z) mutant testes abolished their proper association with germ cells (26) . Second, we found that some ectopically dividing GSC-like cells turned on Zfh-1 expression in E(z) mutant testes, which led to cells with both cytoplasmic Vasa staining and nuclear Zfh-1 staining (Fig. 2, D to I) . The Vasa and Zfh-1 doublepositive cells could be detected in ectopically dividing germ cell clusters that lacked association with cyst cells in E(z) mutant testes (Fig. 2, D to  I) . Notably, although the subcellular localization of Vasa and Zfh-1 in these double-positive cells was normal, their immunostaining signals were usually weaker than those of cells with a single signal (Fig. 2, G to I) , which suggests some type of intermediate cellular state.
The observation of Vasa and Zfh-1 doublepositive cells raised a possibility of mixed cell fate. To test this idea, we used a lineage-tracing regimen to permanently label germ cells with the nos-Gal4>UAS-Gal4>UAS-GFP transgene and green fluorescent protein (GFP) combination, which irreversibly labels all GSCs and their derivatives with GFP (9) . Indeed, we detected GFP and Zfh-1 double-positive cells in nos-Gal4>UAS-Gal4>UAS-GFP;E(z) 61 
731 testes (18.9%, n = 53) (Fig. 3 , D to I) after temperature shift, but not in control testes (n = 47) (Fig. 3, A to C) , which suggests ectopic expression of Zfh-1 in germ cells upon inactivation of E(z). We also used the G-TRACE lineage tracing method combining UAS-FLP, UAS-RFP (with red fluorescent protein), and ubi-FRT-STOP-FRT-GFP transgenes (27) with the nos-Gal4 driver, which labels all germline lineage cells with GFP and early-stage germ cells with RFP. With G-TRACE, we found Zfh-1 and GFP double-positive cells in E(z) 61 
731 testes (17.1%, n = 76) ( fig. S8 , E to H) but not in control testes (n = 95) ( fig. S8, A to D) . We also found Zfh-1 and RFP double-positive cells in E(z) 61 
731 testes (9.2%, n = 76) (arrowheads in fig. S8 , E to H) but not in control testes (n = 95) ( fig. S8, A to D) . All Zfh-1 and RFP doublepositive cells in E(z) 61 
731 testes were also labeled by GFP, which suggests that they represent a subset of germline lineage cells that transiently express both lineage markers, similar to the Vasa and Zfh-1 double-positive cells shown previously (Fig. 2, F and I) . Therefore, using two different lineage tracing methods, we found that germ cells turned on a key somatic cell-specific transcription factor, Zfh-1, when E(z) was inactivated in somatic gonadal cells. Notably, the nuclear morphology of Zfh-1-positive cells originated from germline lineage was indistinguishable from that of CySC lineage-derived Zfh-1-positive cells (Fig.  3, E and H, and fig. S8G ). Furthermore, no spectrosome or fusome structure could be detected in those overpopulated Zfh-1-positive cells (fig. S7, C  and D) , which suggests that the germline-derived Zfh-1-positive cells eventually lose germ cell features. Lineage-tracing experiments were also performed using bam-Gal4, which drives GFP expression in more differentiated germ cells from four-cell spermatogonia to later stages (28) . In bam-Gal4>UAS-Gal4>UAS-GFP; E(z)
testes, no Zfh-1-positive cells were found to be labeled by GFP (n = 76) ( fig. S9 ), which suggests that only GSCs, gonialblasts, and/or two-cell spermatogonia are capable of turning on Zfh-1 expression.
In a complementary lineage-tracing experiment, we used a somatic driver to permanently label all CySC lineage cells. In C587-Gal4>UAS-Gal4>UAS-GFP testes, no GFP and Vasa double-positive cells could be detected in either E(z) 61 

731
(n = 32) or C587>shRNA E(z) (n = 45) testes, which suggests that somatic lineage cells did not express the germline marker. However, we did find that some Zfh-1-positive cells lacked the GFP marker in both E(z)
61 /E(z) 731 (50.0%, n = 32) (Fig. 4 , D to F, yellow outline) and C587>shRNA E(z) (68.9%, n = 45) (Fig. 4 , G to I, yellow outline) testes, which indicates that some Zfh-1-expressing cells were not derived from the CySC lineage. By contrast, all Zfh-1-positive cells showed GFP labeling in the controls (n = 26) (Fig. 4, A to C) . Consistent with these lineage tracing results, our H3K27me3 ChIP-seq data showed lack of H3K27me3 at the germline gene loci in somatic gonadal cells ( fig. S10 ), which suggests that germline-specific genes are not direct targets of PcG in somatic cells. Taken together, these results show that germline lineage cells also contribute to Zfh-1-expressing cells in E(z) mutant testes.
Because these results suggest that E(z) has a non-cell autonomous role, we hypothesize that E(z) regulates signaling pathway(s) for proper communication between germ cells and somatic cells. Our H3K27me3 ChIP-seq data in somatic gonadal cells showed enrichment of H3K27me3 at several signaling pathways, including Wnt (fig. S11) and epidermal growth factor (EGF) ( fig. S12A ) pathway genes' loci. Furthermore, we found that removal of one copy of the EGF receptor gene, Egfr, suppresses the E(z) 61 
/E(z)
731 phenotype ( fig. S12B ), which suggests that Egfr is a direct target of PcG in somatic gonadal cells and may connect E(z) activity in soma with the observed germline defects.
In summary, we demonstrate that the PcG gene E(z) is required in somatic gonadal cells to prevent ectopic early-stage somatic and germ cell proliferation. Moreover, E(z) is required in somatic cells to prevent germ cells from expressing a somatic cell marker (fig. S13) . In Caenorhabditis elegans, it has been reported that the germ line can convert to specific neurons upon ectopic germline expression of neuron-specific transcription factors and loss of a key histone chaperone, LIN-53 (29) . Removal of mes-2, the C. elegans homolog of E(z), also makes germ cells more susceptible to conversion to somatic cell types (30) . However, it is unclear in which cell type LIN-53 and MES-2 act to maintain germline identity, because its function is ubiquitously compromised in those experiments. Here, using cell type-specific knockdown experiments, we demonstrate that the germline-to-soma change relies on the activity of E(z) in somatic gonadal cells, which suggests that cell fate maintenance depends on the microenvironment or niche where the cells reside.
